In this work, we examine the possibility of using the diffuse supernova neutrino background (DSNB) to test the Chaplygin gas (CG) models of the Universe. With a typical supernova rate R SN (z) and supernova neutrino spectrum dN(E ν )/dE ν , the DSNB flux spectrum n(E ν ) in three categories of CG models, the generalized CG (GCG), modified CG (MCG) and extended CG (ECG) models, are studied. It is found that generally the flux spectra take a form similar to a Fermi-Dirac distribution with a peak centered around 3.80-3.97 MeV. The spectrum shape and peak positions are primarily determined by R SN (z) and dN(E ν )/dE ν and only slightly affected by the CG models. However, the height of the spectra in each category of the CG models can vary dramatically for different models, with variances of 13.2%, 23.6% and 14.9% for GCG, MCG and ECG categories respectively. The averaged total flux in each category are also different, with the ECG model average 10.0% and 12.7% higher than that of the GCG and MCG models. These suggest that the DSNB flux spectrum height and total flux can be used to constrain the CG model parameters, and if the measured to a sub-10% accuracy, might be used to rule out some models.
Introduction
The cosmological observation data, including type Ia supernova (SN Ia) [1, 2, 3, 4, 5] , cosmic microwave background (CMB) [6, 7, 8, 9] , baryon acoustic oscillations (BAO) [10, 11, 12, 13, 14, 15] , the observational Hubble data (OHD) [16] , implies the late-time cosmic acceleration. The most popular explanation is that about 70% of the energy density of the Universe today are dark energy. One of the simplest form of this energy is the cosmological constant Λ which is used in the Λ-cold dark matter model (ΛCDM) of the Universe. This constant is characterized by the equation of state (EoS) index w = −1, which is very consistent with the data constrained value w = −1.03 ± 0.03 [17] .
However, the theoretical origin of Λ has not been understood yet. If it was the vacuum energy associated with particle physics then it is hard to explain the huge gap between the theoretical and observed values Email addresses: nanyang27@gmail.com (Nan Yang), junjijia@whu.edu.cn (Junji Jia), liuxionghui@whu.edu.cn (Xionghui Liu), hzhang@vub.ac.be (Hongbao Zhang) [18, 19] . Thus alternative theories attempting to explain the late-time acceleration without using constant dark matter are intensively studied. Broadly, these alternatives can be classified into two categories. The first category is usually inside the framework of general relativity and based on a particular form of matter/field, such as quintessence [20, 21] , k-essence [22, 23, 24] and Chaplygin gas (CG) [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40] or other fields/interactions. The second category however modifies either the general relativity or the homogenous and isotropic assumption of the universe, such as f (R) theory [41] , f (T ) theory [42, 43] , inhomogeneous models [44, 45] and other models [46] .
Among the first category, the CG models recently have gained much attention. It started from the basic CG model with simple EoS [26] 
where A is a positive constant and then evolved to the generalized CG (GCG) model with EoS [25] 
where 0 < α ≤ 1 in order for the Universe to enter the stage dominated by the cosmological constant. Currently, the simple CG model described by Eq. (1) has been ruled out completely [47, 48] . Later on, the EoS was further updated to the so-called modified CG (MCG) form
which is essentially a combination of an ordinary fluid obeying a linear barotropic EoS with the GCG fluid. It is also possible to include fluid with constant, quadratic or even higher power barotropic EoS [34, 35, 40] so that the model becomes the extended CG (ECG) with EoS
where B i are also constants. Clearly, setting proper constants to zero in Eq. (4) will reduce it to (3), which further reduces to (2) when B = 0 and then to (1) when α is fixed to 1. These various CG models, as well as the ΛCDM and some other dark matter alternative theories mentioned above, have been compared against observational data, including SN Ia, CMB, BAO, OHD and other data. It is generally found that all these models have some survival region in their respective parameter space. However, the question that which (kind of) CG models will be more correct than other CG models, or whether the CG models are more or less favored by the data, is not answered yet.
In this work, we discuss the possibility that the models can be further constrained by the future diffuse supernova neutrino background (DSNB) measurement, or even discrimated if the DSNB measurement is accurate enough. When a star ends its life in the form of a supernova, almost its entire mass is released in the form of an enormous amount of neutrinos whose average energy is at the order O(10) Mev level. Neutrinos from all supernovae in the history diffuse freely in the Universe and form the DSNB. The evolution of DSNB is influenced by how the Universe expands, just like the CMB or the cosmic neutrino background [49] , but at a much higher energy level. With the fast development of the neutrino observatory technologies and increase of observatory size in recent years, the observation of DSNB could be in the reach of a few upcoming neutrino experiments, such as JUNO [50] , Hyper Kamiokande [51] and some other experiments (see Ref. [52] for a review).
In what follows, we first briefly discuss in section 2 the DSNB flux spectrum and the related core collapse (CC) supernova rate and supernova neutrino spectrum. In section 3 we summarize in details the aforementioned models and their corresponding cosmologies which are characterized by the Hubble parameters. We then use these inputs to compute the expected DSNB flux spectrum for each model in section 4. It will be seen that for the parameters that are allowed by other data, the corresponding DSNB flux spectrum can differ by a large amount. Therefore if observed, the DSNB should provide a new way to severely constraint these models or even rule out some of them.
The DSNB flux density
The spectrum of DSNB flux in the energy interval [E ν , E ν + dE ν ] emitted in the redshift interval [z, z + dz] can be calculated using the "line-of-sight" integral method to be [53] 
The DSNB flux spectrum is obtained then by integrating Eq. (5) with respect to the redshift
Therefore clearly the DSNB flux (7) depend on the cosmological model H(z) very critically. Besides this, the CC supernova rate R SN (z) and supernova spectrum
are the other two components under the integral. For the CC supernova rate R SN (z), it was thought that there were a problem of mismatch between it and the star formation rate [54] . However recently a few promising solution have been proposed including enhancing the initial mass function [55] , revised star formation history [56] and change of the stellar mass ranges that end up as CC SNe [57] . After these solutions, it appears that the current measured CC supernova rate roughly reflect the true rate happens in the Universe. Moreover, since our concentration here is on the effect of cosmological models on the DSNB but not that of the supernova or star formation rates, we will direct adopt the CC supernova rate in Refs. [58, 59] , which is
where k ≃ 0.0091M ⊙ is the number of stars per unit mass that explode as CC SNe, h is defined as in H 0 = 100h km s −1 Mpc −1 and ψ(z) is the star formation rate given by Ref. [56, 59] (9) with A = 0.015, B = 2.9, C = 2.7 and D = 5.6. For the single supernova neutrino spectrum, we only consider the anti-electron neutrino spectrum because the main detection channel in the observatories with good DSNB capabilities such as JUNO or Hyper Kamiokande is the inverse beta decay processν e + P → e + + n [50, 51] . This spectrum can be approximated by the pinched Fermi-Dirac spectrum [60, 61] 
where we choose Eν e ,tot ∼ 5 × 10 52 erg to represent the typical energy radiated away by the neutrinos during supernova, T = 5 Mev is the radiation temperature [61] .
In principle, both of the supernova rate R SN (z) and the neutrino spectrum dN ν (E ν ) dE ν should depend not only on the redshift but also on other parameters such as the supernova progenitor mass. The form (9) and (10) we used here are in this sense averaged over other factors. The parameters in them therefore carry their own uncertainties. However, as we will show in section 5 these uncertainties will not lower the variation percentage of the resultant DSNB spectrum height or total flux among different CG models, and consequently the constaining power of the DSNB to the CG models will not be lost.
The (x)CG models
For the MCG model with EoS (3), solving the energy conservation equation one obtains the energy density of MCG given by
where a is the scale factor in the Friedmann-RobertsonWalker metric,
,MCG ] and ρ 0,MCG is a positive integration constant representing the MCG density today. Further assuming that the Universe is filled with the MCG, regular baryonic matter and regular radiation components ρ MCG , ρ b , ρ r , and taking into account the curvature effective energy density ρ κ then the total density ρ t becomes
Making use of the Friedman equation, the Hubble parameter is obtained as
where we have used (1 + z) −1 to replace a and Ω 0,i (i = b, r, k) are today's values of dimensionless energy densities of baryon, radiation and effective curvature respectively. Most of the previous studies on the CG models (see Tables 1 and 3) assumed that Ω 0,r = Ω κ = 0 to simplify the cosmological models. For the DSNB flux calculation given by Eq. (7), there is one more reason that they can be ignored: the neutrino spectrum (10) suppresses exponentially the contribution to the flux from small a eras, while for the large a stage it is known that the radiation density as well as the effective curvature parameter are both small (Plank 2018 data yields a value of Ω 0,κ = 0.001 ± 0.002 [17] ). Setting B = 0 in Eq. (13) will produce the Hubble parameter for the GCG model
While for the ECG models with EoS (4), the energy conservation equation in the general case are not analytically solvable to obtain solutions like Eq. (11) . Only a handful of work are carried out with particularly chosen nonzero B i or A in the EoS (4) [62, 38, 40] . Here we will only concentrate on the following three cases considered by Ref. [40] due to its explicit Hubble parameter formulas that can be directly used by our calculations. First when the sum in Eq. (4) has only two nonzero term i = 1 and i = n, then denoting B 1 = −A, B n = B, the EoS becomes
and the corresponding Hubble parameter is solved to be
in which A S , A are parameters converted from A, B and n. When the EoS is given by
the Hubble parameter will be
where X is some effective parameter related to B in Eq. (17) . Finally when the EoS is
the Hubble parameter is
Again, Y here is an effective parameter related to B in Eq. (19) . The ΛCDM model we used to compare to the above models is given by
where we take Ω Λ = 0.685, Ω m = 0.315 and H 0 = 67.4 km s −1 Mpc −1 [17] . As mentioned early, these models were constrained using different combination of data sets and methods. Consequently, the obtained values of parameters are also slightly different even for the same kind of CG models. Here we summarize the values of the parameters in the GCG models (Table 1 ), MCG models (Table  2 ) and ECG models (Table 3) according to the data sets that were used.
The DSNB flux in (x)CG cosmologies
With the CC supernova rate (8), star formation rate (9), supernova neutrino spectrum (10) as well as the cosmological models described by Eqs. (13), (14) , (16), (18) , (20) and (21), we can now integrate Eq. (7) to find the DSNB flux for all models with parameters listed in Tables 1, 2 and 3 . The results are shown separately for the GCG, MCG and ECG models in Fig. 1 (a), (b) and (c).
It is seen that for all models with different values of parameters, the spectrum takes the shape similar to a Fermi-Dirac distribution, with a single peak centered around 3.80-3.97 MeV (the exact peak position of each model is given in Tables 1-3 ). This suggest that the shape of the spectrum, as well as the location of the peak, is not primarily determined by the cosmological model but other factors in the integral (7), namely the CC supernova rate and supernova neutrino spectrum. The cosmological models when limited by the range of the parameters in Tables 1-3 however, still can weakly affect the peak positions. This point is reflected by the fact that for the ECG models, especially the models ECG2 and ECG3 in Fig. 1 (c) , their peak positions are shifted to a slightly lower value comparing to those of the GCG and MCG models. A simple statistic analysis shows that the peak position average for the GCG models is 3.94±0.03 MeV. Average peak position of the MCG models is found to be the same as the GCG models, but that of the ECG models is 3.85±0.09 MeV. Therefore the mean peak position of the ECG models considered here is about 2.3% lower than that of the GCG or MCG models. Note that the neutrino observatory such as Juno can have an energy resolution of 3%/ √ E/MeV [50] which is about 1.5% around the peak energy here.
Unlike the spectrum shape or the peak positions, the heights of the peaks are strongly affected by the cosmological models (see Tables 1-3 for the exact peak height for each model). From Fig. 1 (a) , it is seen that the maxima of the DSNB flux spectra in different GCG models can vary from 0.701 MeV
, a difference about 13.2%. For the MCG models, Fig. 1 (b) shows that the highest and lowest of the peaks are respectively 0. , which corresponds to a difference of 14.9%. It is clear that the DSNB flux spectrum height is very sensitive to the cosmological model, and this suggests that the future measured DSNB flux spectrum will be usable to constraint the Chaplygin gas models. If this data is measured to an accuracy of sub-10% level, then it might even be used to tell which Chaplygin gas is more viable.
We also integrated the flux spectrum over energy to obtain the total flux for each model and then averaged [36] for the Growth and σ 8 data. The last two columns are the peak positions and heights in Fig. 1(a) [31, 64] for the CBF data and Ref. [33, 36] for the Growth and σ 8 data. The last two columns are the peak positions and heights in Fig. 1(b over the same kind of models. It is found that for the GCG models considered in Table 1 , MCG models in Table 2 and ECG models in and the ECG model flux is about 10.0%-12.7% higher than them. Therefore the total flux can also be used to constraint these models, even if the energy resolved spectrum is not easily obtained in the initial stages of the DSNB measurements.
Conclusion and Discussions
Using a standard supernova neutrino spectrum and typical CC supernova rate, we obtained the DSNB flux spectra in various GCG, MCG and ECG models. It is found that generally the shape and peak position of the flux spectrum is largely determined by the supernova neutrino spectrum, supernova rate. Different CG models can only cause a difference of 2.3% in the peak positions. The spectrum height however depends strongly on the Chaplygin gas model used to do the calculation. The variance in peak heights among different GCG models, MCG models and ECG models can reach respectively 13.2%, 23.6% and 14.9%. This suggests a great potential for the DSNB to constraint these models. The averaged total flux for ECG models is 10.0%-12.7% higher than the GCG and MCG models and therefore the total DSNB flux can also be used to discriminate the Chaplygin models.
Although we consider this work mostly as a theoretical one or a verification of an idea, one point that seems worthy to address here is about the uncertainties of the input parameters. First, the uncertainty of the star formation rate Eq. (9) comes from the diversed data of the star formation rates obtained using different methods. Ref. [65] after taking into account high z data (4 ≤ z ≤ 10) updated the value of parameters A to D in Eq. (9) to respectively A = 0.01, B = 3.2, C = 2.6 and D = 6.2. Such large changes, particularly the decrease of the overall factor A (about one third), would inevitablely change (indeed decrease) the DSNB spectrum. A separate full calculation shows that the general shape and order of DSNB spectrum height of each CG model are unchanged, while the overall height for each model is lowered by roughly a quarter and the peak position lowered by about 2%. What is more important is that the percentage of difference between spectrum heights of various CG models in each catagory or between different categories, and the percentage difference of total flux among different categaries, are quantitively unaffected by this change of the star formation rate. For the supernova neutrino spectrum (10), the uncertainty of the parameters originate from the low statistics of the SN 1987A neutirno events and the uncertainty of supernova numerical simulations. Aside from the total energy parameter Eν e ,tot whose variation will only result in an overall factor in the DSNB spectrum, the neutrino temperature T is observationally constrained to 4-6 MeV [61] . We changed T in our calculation from 5 MeV to 4 and 6 MeV respectively. It is found that again, the overall shape and order of heights of the DSNB spectra for different CG models are unchanged, although the absolute heights can be changed by about one half and peak position is shifted downward or upward for about one fifth. Moreover, similar to the effect of different star formation rate, the relative difference in the DSNB spectrum height among various CG models in each category, as well as the total flux difference of different CG categories, are still at the same percentage. These suggest that although the uncertainties in the supernova rate and neutrino spectrum can affect the absolute value of the DSNB spectrum, the relative variance of the DSNB heights and total flux due to different CG models are independent of the these uncertainties.
Finally, regarding the possible extensions of the work, the following comments are in order. Although in this work we used the Chaplygin gas models for the cosmology, it is clear from the flux spectrum formula (7) that for other cosmological models, such as quintessence, k-essense theories, or even modified gravity cosmologies, it is straight forward to compute a similar DSNB flux spectrum and use it to constrain the corresponding cosmological model. We are currently working along this direction.
